Defects of ultrathin Cu films (3-200 Å) deposited on Mo(1 1 0) at room temperature by e-beam evaporation in ultra-high vacuum are investigated using thermal helium desorption spectrometry. The samples are analysed with both 75 and 1000 eV He + implantation. Cu films transform into islands on annealing and the temperature of this transformation is strongly thickness dependent. Helium release from defects close to the surface of the Cu films (∼450 K), from monovacancies in as-deposited Cu film (50-200 Å), and from defects close to the interface (800-1050 K) are identified. Annealing of monovacancies is mainly responsible for reduction in helium trapping in a 20 Å Cu film prior to film islanding. There is an indication of retrapping of helium released from the first 5 Å layer of the film in the defects located in the overlayers (5-95 Å). Helium in the Cu films survives until the desorption temperature of the film (1200-1300 K).
Introduction
Cu/Mo(1 1 0) is a model system for studying a metal adsorbate with lateral attraction on a metal substrate [1] , a bimetallic surface [2] with applications in catalysis, solid state phase transitions [3] , a fcc/bcc epitaxial system that be grown as a metallic crystalline superlattice [4] , and for studying defects and thermally induced changes in a fcc film on a bcc substrate due to the existence of lattice and thermal mismatch between the film and the substrate. Cu/Mo has found applications in nanowires on stepped metal surfaces [5] , beaded thin films [6] , Fibonacci superlattices [7] , multilayered metallization [8] , x-ray detectors [9] and in multilayers for thin film transistorliquid crystal display applications [10] .
Cu growth on Mo(1 1 0) has been investigated by several surface analytical techniques [1, 3, [11] [12] [13] [14] . At room temperature (RT), the first monolayer (ML) is pseudomorphic and the second ML is distorted Cu(1 1 1). On annealing only the first two MLs are stable, while the excess copper agglomerates into 3D crystals [1] .
At RT, Cu grows 1 Current address: Institute of Physics, Sachivalaya Marg, Bhubaneswar-751005, Orissa, India. 2 Author to whom any correspondence should be addressed.
preferentially in the Frank-van der Merwe (FM) layer by layer mode on Mo(1 1 0) while above 960 K in the StranskiKrastanov (SK) mode where 3D crystals grow on initial two MLs. Below 500 K, films grow ML by ML without the formation of 3D islands and such films show pronounced quantum-size effects [12] . The desorption energies of the first and second ML was found to be 3.53 eV atom −1 and 3.17 eV atom −1 , respectively, using thermal desorption spectroscopy (TDS) [11] . A first order phase transition between 650 and 700 K in a Cu double layer on Mo(1 1 0) where a spontaneous change in the direction of misfit by 90
• involving exchange of atoms between the first and the second ML was reported [3] . Molecular dynamics (MD) simulations indicated a growth mode that goes through a 2D-3D-2D transition for Cu/Mo(1 1 0) [15] .
We have used thermal helium desorption spectrometry (THDS) [16] to characterize defects of ultrathin Cu films (3-200 Å) deposited on the Mo(1 1 0) substrate at RT. Investigations of defects in metal on metal heteroepitaxial systems have been rather limited and we consider defects in Cu/Mo(1 1 0) such as vacancies and vacancy clusters that can trap helium. Earlier we have reported a THDS study of Cu films on Mo(1 0 0) [17] and polycrystalline Mo [18] substrates.
Helium release from Cu on Mo(1 1 0) will be compared with the helium release from ion implanted Cu(1 0 0) crystal [19] .
THDS gives information about defects in the subsurface region of a film, down to 10-100 Å below the surface, depending on the incident helium energy. Analysis of the helium desorption signal as a function of sample temperature yields information on defects, film coverage and ion damage effects [17, 18] . For a detailed THDS study of the helium-defect interactions in Cu films grown on Mo(1 1 0), we have therefore varied deposition conditions such as film thickness, post-deposition annealing temperature, post-implantation overlayer thickness and helium implantation energy.
Experimental details
The experiments were performed in an ultra-high vacuum (UHV) system [20] capable of preparing vapour deposited thin films with optional ion assistance and their subsequent analysis by THDS. The base pressure of the system after bakeout was 1.0 × 10 −10 mbar. The Mo (1 1 0) substrate, 10.0 mm in diameter, 2.0 mm in thickness, having 99.999 wt% purity and the surface misorientation after the final polishing was confirmed to be smaller than 1
• as measured by Laue diffraction. Prior to the experiments the substrate surface was cleaned by several annealing cycles to 2100 K for 1 min in the UHV system. Low-energy (75 eV) helium implantation never indicated the presence of any observable defects in the Mo substrate after annealing or between the implantation/desorption cycles.
For film deposition, Cu lump (purity 99.999 wt%) was vaporized in a graphite crucible using a 3 kW electron beam evaporator. The incident direction of the Cu vapour on the substrate was 15
• off-normal. The deposition rate was 1 Å s −1 , monitored using a quartz crystal oscillator. The pressure during deposition did not exceed 1 × 10 −9 mbar. The substrate temperature during film deposition was usually ∼300 K. After deposition, the sample was implanted with 75 eV or 1000 eV mass-filtered helium ions, depending on the desired type of experiment, usually with a fluence φ of 2.0 × 10 14 He + cm −2 , that impinges at an angle of 20
• off-normal. Finally, in the so-called desorption run the sample was heated using a 2.8 kV electron gun up to 2000 K at a feedback-controlled linear rate β of 40 K s −1 , and the helium desorption flux L (helium atoms cm −2 s −1 ) was monitored as a function of the sample temperature T using a quadrupole mass spectrometer. The spectrometer signal was calibrated repeatedly by admitting a known amount of helium in the system and registering the count rate. This procedure also yields the value for the mean residence time of helium in the desorption chamber under the existing pumping conditions (0.21 s). The temperature of the sample was measured using a W-Re thermocouple spot welded to the substrate.
A typical helium desorption spectrum (L versus T ) consists of a number of peaks, each peak signifying the desorption of helium from a particular trapping site in the sample. The Cu-Mo system is immiscible and has a positive heat of mixing of +19 kJ mol −1 [21] . Therefore, Cu is not expected to diffuse from the film into the substrate on heating. In contrast, in each desorption run the Cu films were observed indirectly to desorb from the substrate in the temperature range 1250-1300 K, but we continued the sample heating to 2000 K in order to detect helium that may still be trapped in the Mo substrate at higher temperatures. The desorption spectra have been corrected for the mean residence time of helium by deconvolution. The helium fluence was measured by the current on the sample and has not been corrected for ion backscattering and secondary electron generation. In all desorption spectra shown here the normalized helium desorption flux χ is plotted as a function of T , where χ(T ) = L(T )/φβ, expressed in K −1 . Hence the integral area under a spectrum is equal to the total trapped fraction of helium, since no helium was found to be retained in the sample above 2000 K.
Results and discussion

Effect of film thickness probed by 1000 eV He
+
The 0 Å spectrum of figure 1(a) shows the normalized He desorption spectrum obtained when the bare, well annealed Mo (1 1 0) [22] , calculated on the basis of the maximum energy transferred in an elastic collision. Hence 1000 eV He + with a calculated radial range and straggle of 72 Å and 37 Å, respectively [23] , creates defects in Mo such as vacancies and vacancy clusters. These vacancies act as traps for the thermalized He atoms. Helium desorption from a Mo(1 1 0) crystal has been extensively studied by van Veen and Caspers [24] . The peaks H (1138 K), G (983 K) and F (908 K) have been attributed to helium released from a monovacancies (V) in Mo containing 1, 2 and 3 helium atoms, respectively. The peaks I (1200-1450 K), J (1504 K) and K (1630-1870 K) have been attributed to helium released from helium-vacancy clusters (He n V m , n, m 2). The peak O (∼400 K) has been attributed to helium release from surface related beam induced trapping sites of Mo.
The normalized He desorption spectra of the Cu films (10-100 Å) deposited on the well annealed Mo(1 1 0) substrate at 300 K and implanted with 1000 eV He + of fluence 2.0×10 [25] . Therefore 1000 eV He + creates defects in the Cu films. These defects add to the native defects already present in the film. These native defects arise due to the non-equilibrium deposition process, which allows point defects to be built into the film. The energy of the helium ion reaching Mo and hence the defect production in Mo decreases as the Cu film thickness over it is increased. The thermalized helium may get trapped in the defects in the Cu film and in Mo.
The effect of the Cu film on the helium release from Mo is evident in the 10-100 Å spectra in figures 1(a) and (b). For the 10 Å film, the H peak of Mo, which is due to helium desorbing from monovacancies, is lowered by 55 K compared with the bare substrate. A similar effect was found on Mo(1 0 0) [17] and polycrystalline Mo [18] substrates. This effect is very likely related to film/substrate lattice mismatch induced stress in Mo. The intensities of the peaks I, J and K, which are observed as helium release above 1200 K from Mo, are seen to decrease with the increase in the Cu film thickness from 10 to 100 Å, confirming the reduction in the energy of the helium reaching Mo. Very negligible helium release from Mo is seen in the case of the 100 Å spectrum.
The labels S, H Cu , L, P and M are used to denote the helium release from Cu at different temperatures. The peak at ∼450 K (S peak) for the 50-100 Å films ( figure 1(c) ) is attributed to helium release from beam-induced trapping sites close to the surface of the Cu film. A similar helium release between 400 and 550 K was reported in the THDS study of Cu(1 0 0) crystal [19] . The peak at 730 K (H Cu ) for the 100 Å film ( figure 1(c) ) is attributed to the helium desorption from monovacancies in the Cu film. This peak shifts to lower temperatures for thinner films reaching 650 K for the 50 Å film. This indicates a possible substrate-induced strain [1] variation in the film as a function of film thickness. The helium desorption energy (E d ) derived from the H Cu peak is 1.9 eV for the 100 Å film as determined by applying first order desorption analysis with an attempt frequency (ν) of 1.0 × 10 13 s −1 . This may be compared with the value E d = 2.0 eV reported in [19] , where helium release from monovacancies of bulk Cu(1 0 0) is reported at 780 K. Due to the low signal to noise ratio in this case of a 100 Å Cu film, it is difficult to ascertain the presence of helium release from He 2 V (610 K) and vacancy clusters (800-1000 K) reported for Cu(1 0 0) [19] .
The peak L for the 10 Å film (460 K) shifts to higher temperature with increasing film thickness and is at 1160 K for the 100 Å film. The full width at half maximum for the L peaks is larger than 8% of the peak maximum, and hence these peaks are much broader than first order desorption release. In addition, the L peak position is strongly thickness dependent. To understand the origin of the L peak, we did preimplantation annealing treatment for the 40 Å film, where the peak L occurs at 942 K. This will be discussed in section 3.2. The peak P observed at 920 K for 10 Å shifts slightly to a higher temperature for 30 Å (1050 K). We attribute this peak to helium release from defects close to interface, as will be shown in section 3.3.
The peak M is observed in all (10-100 Å) desorption spectra of figures 1(a) and (b). This peak occurs at 1225 K for the 10 Å film and shifts to ∼1300 K for the 100 Å film, and the amount of helium released increases with film thickness. The peak shift with thickness and the sharp high-temperature edge of the peak suggest zero order desorption kinetics. In the TDS results for Cu/Mo(1 1 0) [11] , the desorption of the first Cu ML occurs at 1140 K while the second ML desorbs earlier at 1050 K at a heating rate of 2.43 K s −1 . For the same system, desorption of the first Cu ML at 1230 K and from 3D clusters at 1130 K at a heating rate of 10 K s −1 was reported [13] . We attribute the M peak in figure 1 to helium released during the desorption of Cu films. The temperature range for the M peak is 1220-1280 K depending on the film thickness, and these higher values are due to the larger Cu coverage and higher heating rate (40 K s −1 ) used here. The defects in the Cu film that can trap helium until the desorption temperature of the film must be very stable. Likely candidates are helium-vacancy clusters or small helium bubbles. Figure 2 shows the normalized He desorption spectra of 40 Å films deposited on Mo(1 1 0) at 300 K, annealed to the indicated temperatures for 10 s, cooled to 300 K and implanted with 1000 eV He + of fluence 2.0 × 10 14 He + cm −2 . When the film is annealed to 834 K the intensity of the L peak decreases considerably, while the intensities of the I, J and K peaks of Mo increase. The latter is only possible if the 1000 eV He + is able to create more defects in Mo than before the 834 K anneal. Annealing the film to 1122 K reduces the L peak and increases the I, J and K peaks even more. In fact most of the 1122 K spectrum, except the 1100-1200 K range is virtually identical to the bare Mo spectrum as shown in figure 2 . This clearly shows that from the point of view of 1000 eV He + the thickness of the 40 Å Cu film annealed to 1122 K appears to have decreased to a very small value, at least over most of its area. Desorption of the Cu film up to this temperature is negligible considering our short annealing time of 10 s [11, 13] , and no alloying at the Cu/Mo interface is expected [13] . Hence there must be a corresponding increase in the film thickness in the few remaining regions of the film. Therefore annealing to 1122 K, which is close to the end of the L peak temperature, has caused the film to transform into an islanded structure. A large-scale structural transformation like island formation should invariably lead to the release of substantial amounts of trapped helium and this is seen in the form of the L peak. The L peak is therefore attributed to island formation. In the 1122 K spectrum, the H peak for Mo in the annealed sample is not very distinct but at least it is not shifted to lower temperature compared with the H peak of bare Mo (1140 K) in contrast to what was observed for the 1000 eV He implanted 10 Å Cu film ( figure 1(a) ). This shows the role of annealing in relaxing the stress in the film.
Effect of annealing probed by 1000 eV He
Effect of film thickness probed by 75 eV He
+
In order to probe native rather than beam-induced defects in the films, an implantation energy of 75 eV He + was used, which is below the threshold energy for damage production in bulk Cu. The calculated [23] projected range and straggle of 75 eV He in Cu are 14 Å and 7 Å, respectively. Figure 3 shows the normalized helium desorption spectra of the Cu films (3-200 Å) deposited on Mo(1 1 0) at 300 K and implanted with 75 eV He + of fluence 2.0 × 10 14 He + cm −2 . The 0 Å spectrum was obtained for the bare clean Mo substrate. Except for the peak O there is no other helium release, confirming that the substrate is defect free. It has been shown that the defects related to the O peak are created by the helium beam and are located in the first two atomic layers of the substrate [26] .
As in section 3.1, the labels S, H Cu , L, P and M will be used to denote the helium release from Cu films at different temperatures. In general the peak positions are not affected by change in implantation energy. The intensity of the S peak (∼450 K) is independent of the film thickness for films thicker than 30 Å indicating a similar near-surface structure of the film. A broad low intensity peak at ∼650 K observed for the 50 Å film shifts to higher temperature with increasing film thickness reaching ∼760 K for the 200 Å film. This trend is similar to what was observed for the H Cu peak that was identified as the helium release from monovacancies in the Cu films in the case of 1000 eV He + implantation ( figure 1(c) ), while the difference is that H Cu peak is not well resolved for 75 eV implantation ( figure 3 ). In the 200 Å spectrum, the helium release is attributed [19] to helium dissociation from He 2 V (610 K) and is also not distinctly observed. The absence of distinct peaks (500-800 K) for the 200 Å spectrum indicates a low trapped fraction of helium (<0.03) in vacancies due to the limited range of 75 eV helium in the Cu films (see section 3.5). Helium release attributed [19] to helium dissociation from vacancy clusters is observed as a very weak signal between 800-1000 K for the 200 Å spectrum.
The L peak is observed for the 10 Å film at 450 K and shifts to higher temperature with increasing film thickness, reaching 1230 K for the 200 Å film. The film thickness (λ) versus T max of the L peak was modelled by an Arrhenius relationship similar to the one used for Ag/SiO 2 [27] :
where C is a pre-exponent constant, E a is the activation energy for island formation. In the study of thermal annealing of Ag films on SiO 2 [28] the concept of induction period (t i ) defined as the time at which void density increases in a film of given thickness subjected to isothermal annealing was introduced.
The induction period was related to the annealing temperature by an Arrhenius relation:
where A is a pre-exponential factor, E ai is the activation energy of void formation and T is the annealing temperature. It was experimentally found that for annealed Ag films [28] , the induction time is proportional to the third power of the film thickness:
where B is a constant of proportionality and λ is the initial thickness of the film. Hence in [27] equation (1) was obtained from equations (2) and (3).
For 15-30 Å Cu films, we obtained E a = 0.5 ± 0.1 eV. This is comparable to the activation energy of mass transfer surface diffusion of Cu on Mo (0.54 eV) [29] . For 40-100 films, E a = 1.9 ± 0.3 eV was obtained comparable to activation energy for self-diffusion in Cu (2.0-2.2 eV). This shows that island formation is possibly limited by surface diffusion of Cu on Mo for film thicknesses 30 Å while for films thicker than 30 Å by self-diffusion of Cu.
The peak P seen for the 3 Å film at 762 K shifts to higher temperature and is at 992 K for the 30 Å film. This peak is attributed to breakup of large helium-vacancy complexes close to the film-substrate interface since this helium release occurs after the island formation (L peak) for film thicknesses 10 Å and before the desorption of the film. MD simulation study of 75 eV He implantation in Cu films grown on Mo(1 1 0) predicted the existence of large helium-vacancy clusters near the interface [15] . The shift of the P peak to higher temperatures with increasing thickness is explained in section 3.5. The peak M designating the evaporation of the Cu film, lies at 1220 K for the 10 Å film. Its intensity increases up to 40 Å, then decreases and finally disappears for films thicker than 50 Å, indicating the absence of helium in the film when it desorbs.
Effect of annealing probed by 75 eV He
+
The effect of annealing on the native defects in the Cu film before, during and after the island formation process is probed by 75 eV He + implantation. Figure 4(a) shows the normalized helium desorption spectra of 20 Å Cu films deposited on Mo (1 1 0) at RT, annealed to the indicated temperatures for 10 s, cooled to RT and implanted with 75 eV helium of fluence 2 × 10 14 He + cm −2 . 75eV He + was used to study native defects except for the beam-induced sub-surface defects. On increasing the annealing temperature the following effects are observed. The intensity of the S peak is nearly constant, even after the film has undergone island formation (the 787 K spectrum). This clearly shows that the defects from which helium is released in the case of the S peak are created by the incident beam itself. The temperature range of the L peak is ∼500-800 K. After annealing to 787 K, roughly the temperature at which island formation is completed, the L peak has disappeared. The presence of the P peak indicates that these defects are more stable than the vacancy clusters in irradiated bulk Cu which are known to anneal out at ∼573 K [30] . In addition, in the 787 K spectrum the M peak is barely visible, while the P peak is present. Finally, the P and M peaks are completely absent in the 979 K spectrum, a temperature at which the film does not desorb [13] but as we showed earlier the film transforms into islands. All the native traps in the sample sensitive to helium are observed to anneal out in the 979 K spectrum, indicated by the presence of only the S peak. The total trapped fraction of helium as a function of annealing temperature is shown in figure 4(b) . It is seen that the total trapped fraction of helium in a film annealed to ∼500 K is half compared with that of the as-deposited film. This temperature is lower than the temperature at which island formation begins. Hence the decrease can be largely attributed to annealing of monovacancies, which is in agreement with the reported migration activation energy of vacancies in bulk Cu = 1.06 eV [31] .
Effect of overlayer
In sections 3.3 and 3.4 native defects in the Cu films were studied using 75 eV He + implantation. Due to the limited range of 75 eV He + in a Cu film, deeper lying defects go undetected. Here we show how this problem can be overcome by using a source of the helium atoms deeper in the film without creating damage in the film. Figure 5 shows the normalized helium desorption spectra of a 5 Å Cu film (the so-called base layer) deposited on Mo(1 1 0) at RT, implanted with 75 eV He + of fluence 2 × 10 14 He + cm −2 , over which layers (overlayer) of different thicknesses are deposited (the total thickness of the film is indicated in the figure). For comparison, spectra from figure 3 for the same film thicknesses, but obtained from He implantations after film growth, are shown in grey curves. As expected, for the overlayer samples the total trapped fraction of helium for all thicknesses (black curves) is nearly constant. This is because the implanted helium profile is restricted to the first 5 Å of the film in all these films. With increasing overlayer thickness, the S peak intensity quickly reduces and disappears for a total film thicknesses greater than 30 Å. This again shows that the S peak is due to the helium release from regions close to the film surface. The absence of the S peak is observed when at the locations on the surface where the overlayer is sufficiently thick, the binding energy of helium in these defects has no longer the low, near-surface value. The relatively large overlayer thickness (30 Å) required to completely suppress the S peak may indicate a significant surface roughness of the base layer predicted by the MD simulations [15] . The L peak is seen in 50 and 100 Å spectra, at approximately the same temperatures as in the corresponding non-overlayer spectra, showing that a sufficient number of helium atoms released from the base layer are retrapped in the overlayer before the onset of island formation. The P peak of the base layer (5 Å spectrum) shifts to higher temperature with a 5 Å increase in the overlayer thickness (10 Å spectrum) which is attributed to (i) increased binding energy of helium in helium-vacancy complexes due to their increasing distance from the surface (ii) increased distance to the surface during out diffusion of the released helium with a probability for retrapping in the defects present in the overlayer. The L and P peaks are not distinctly seen in the 30 Å spectrum. The M peak is observed for film thickness 30 Å, and the growth of the M peak intensity with the increase in overlayer thickness, indicates that helium diffusing to the surface during heating has an increasing probability of becoming retrapped in the defects present in the overlayer. Hence we conclude that the formation of these helium-vacancy clusters takes place at a relatively low temperature, when there are still sufficiently many vacancies or vacancy clusters present in the overlayer.
Conclusions
Ultrathin Cu films (10-200 Å) deposited on Mo(1 1 0) at RT upon annealing, undergo a structural transformation resulting in islands. The temperature of this transformation is strongly thickness dependent, and occurs at 450 K for a 10 Å film shifting to 1230 K for a 200 Å film. There is considerable helium trapping in films implanted with 75 eV He near the surface of the film and the interface. The helium release from monovacancies (760 K for 200 Å) in the Cu films and during desorption (1200-1300 K) of the films from the Mo substrate were identified. Upon annealing a 20 Å film prior to helium implantation, the majority of the native defects anneal out before the temperature of onset of island formation (∼500 K). This is mainly attributed to annealing of vacancies. Defects from which helium is released at low temperatures (∼450 K) are located close to the surface of the film and are produced by helium ions with energy as low as 75 eV. There is considerable retrapping of helium released from a 5 Å film in the defects located in Cu layers deposited over it.
